The vegetable fibers used for polymer matrix composites are usually treated to improve their adhesion with the matrix. The chemical treatment with sodium hydroxide (NaOH), although widely used, may damage the fiber surface structure, reducing its strength. The possibility of protecting vegetable fibers against alkaline chemical aggression by using hydride ions (H − ) was investigated in this work. Sisal fibers were modified by immersion in a NaOH aqueous solution (2, 5 and 10% wt/vol), with or without the addition of sodium borohydride (NaBH 4 ) (1% wt/vol), under variable conditions (immersion time and temperature). The effect of using NaBH 4 was investigated using fiber tensile and pull-out tests, critical length calculation, along with a Weibull statistical analysis. This agent was found to minimize sisal degradation under highly concentrated alkaline conditions in comparison with sisal treated with the pure NaOH solution. The results suggest the 5% wt/vol treatment for 60 min under room temperature in the presence of the hydride ions as the most suitable for sisal. This result may be extended to other vegetable fibers of similar composition and may promote their use in polymer composites.
Introduction
Natural fibers can be of animal (e.g., silk, wool), mineral (e.g., asbestos) or vegetable (e.g., wood, pineapple, sisal, curaua, henequen, hemp, jute, ramie, coir, bamboo, sugar cane) origin. Vegetable fibers are essentially microcomposites consisting of cellulose fibers embedded in an amorphous lignin and hemicellulose matrix [1] . A variety of uses has been found for these fibers [2] , for instance, as reinforcement of polymers, where they represent an alternative for the partial replacement of glass fiber composites. Indeed, many industrial sectors already use composites reinforced with vegetable fibers, such as the automotive industry [3] , in a variety of components (mainly internal ones), focusing on fuel consumption reduction among other benefits [4] .
Vegetable fibers cannot directly bond to the hydrophobic polymer resin and, therefore, surface, mostly chemical, treatments are generally applied to promote greater compatibility/affinity between these phases. Many papers already reported on the effect of different chemical treatments on vegetable fibers investigating distinct agents, concentrations and treatment conditions (time and temperature) [5] [6] [7] .
Perhaps the most widely employed treatment for vegetable fibers is the alkaline treatment, which is usually performed using an aqueous sodium hydroxide (NaOH) solution [8] , which promotes ionization of the hydroxyl (OH) groups of the fiber to alkoxide [5] . Although these treatments usually increase adhesion, they can be costly, preventing their widespread use, and they may also diversely affect the mechanical properties of the fibers, reducing fiber strength [5, 6, 9] , which will ultimately be detrimental to the composite produced with these fibers. As an example, in the work of the Mishra et al. [10] , the polyester composite reinforced with sisal fibers treated with 5% NaOH showed higher tensile strength than that containing sisal fibers treated with 10% NaOH.
Investigation of the degradation mechanism [11] [12] [13] [14] and protection of polysaccharides (e.g., cellulose and xyloglucan), under alkaline aqueous conditions with the use of protective agents based on borohydride ions (BH 4 − ) [12] , has recently been applied to vegetable fibers [15] . During alkaline treatment, chemical compounds containing hydride ions (H − ), e.g., sodium borohydride (NaBH 4 ), can act as a reducing agent in reducing end-groups (aldehyde) present in the C − 1 free polysaccharides chain by a mechanism called end-wise degradation or β-elimination (peeling or unzipping) [14] , therefore, minimizing fiber degradation.
This study aims to investigate the use of NaBH 4 as a protective agent of sisal fibers subjected to chemical treatment with NaOH aqueous solution with respect to fiber strength and fiber adhesion to an unsaturated polyester matrix.
Experimental

Materials
The sisal fibers were supplied as yarns by Casa Gaúcha de Barbantes (Porto Alegre/RS) and the linear density of the wire and the fiber were 2588 and 31 tex, respectively. Glacial acetic acid 99.7 wt% (Quimex), sodium borohydride 97.0 wt% (Nuclear), sodium hydroxide 98 wt% (Vetec), orthophthalic unsaturated polyester resin (Uceflex UC 5518, Elekeiroz) and ethylmethylketone peroxide (initiator: Butanox ® M-50, Akzo Nobel) were used as received.
Fiber Treatment and Characterization
The sisal fibers were surface modified by immersion in a sodium hydroxide (NaOH) aqueous solution (2, 5 and 10% wt/vol), under mechanical stirring (70 rpm), with or without the addition of sodium borohydride (NaBH 4 ; 1% wt/vol) in batches of 3.8 g of fiber per 500 ml of solution, for 15, 30 or 60 min, at room temperature (20 • C) or at 40 • C. The remaining solution in the fibers was neutralized with an acetic acid aqueous solution (HAc; 0.2% wt/vol), followed by washing with distilled water, drying in an oven with air circulation at 105 ± 1 • C for 1 h and conditioning. The various fiber samples studied were referred to as shown in Table 1 . The in natura fiber and the fibers which had only been immersed in distilled water for 60 min (named H 2 O_t60) were used as control groups.
Individual fiber filaments were randomly chosen from the yarn and used in tensile testing. The conditioning of samples was carried out according to ASTM D1776. Tensile tests (ASTM D2256) were carried out in a universal testing machine (Emic DL 10000) equipped with 50 N load cell. The speed of testing and the gauge length were constant in all tests, 5 mm/min and 100 mm, respectively. A pre-load of about 0.5 N was applied prior to testing to reduce initial slippage of the fibers. All tests were conducted at room temperature, typically 20 • C. Data were discarded if the fiber fractured at or near the clamps and a new fiber was used. Between 18 and 50 useful fibers were tested in each case. After a successful test, both fiber fracture extremes were measured with a Mitutoyo micrometer (0.01 mm resolution). The cross-section of the fibers was assumed circular for simplification and the mean diameter of both fiber ends was used in the calculations.
To evaluate shear strength at the sisal/polyester interface, a single fiber (30 mm length) was partially incorporated (1.5 mm depth) into an unsaturated orthophthalic 
OH10_t60
Treatment with 10% (wt/vol) of NaOH for 60 min, OH10_BH_t60 without or with 1% (wt/vol) of NaBH 4 , respectively polyester block (12 × 12 mm) cured using 1.0 wt% of ethylmethylketone peroxide as initiator. The fiber was pulled along its axis orientation until full detachment from the resin. Tests were carried out at 1 mm/min and at room temperature (typically 20 • C) in the same testing machine detailed above. Data were discarded if the fiber fractured and between 12 and 23 useful specimens were used for each fiber treatment. From the mean fiber diameter and tensile strength values, and using the polymer/matrix interfacial strength, the critical fiber length for each treatment can be calculated as in [16] . The Weibull analysis was applied to all data. The α and β parameters of this statistical distribution [17, 18] determine the shape and scale of the distribution, respectively. The β parameter is called the 'characteristic life', i.e., the failure probability is approximately equal to 63.2%. The α parameter is dimensionless, being inversely proportional to the dispersion of the values of the property assessed. Another important parameter is the T 50 , which corresponds to the 50th percentile (the median) of the data. In order to estimate these parameters, two methods are usually mentioned -the maximum likelihood technique and the use of a probability plot, which was employed in this work.
Results and Discussion
Effect of Treatment on Fiber Diameter and Strength
To check the hypothesis of a Weibull distribution for the average diameter, the analytical W -test was used. In six of fourteen sets of fibers, the W value did not lie between W 0.05 and W 0.95 (not shown here). Figure 1 shows the Weibull probability plot of the diameter data for twenty seven OH2_BH_t60 fibers, and a low coefficient of determination (R 2 = 0.925) can be noticed, indicating poor agreement to the Weibull distribution. This suggests that this sort of statistical analysis for the diameter values might not be necessary or even justifiable for vegetable fibers such as sisal, even more due to the excellent agreement between T 50 and the mean for all fibers, as shown in Table 2 .
The mean fiber diameter values and their standard deviations for each chemical treatment are presented in Table 2 and high standard deviations are found for all fibers, as expected for vegetable fibers. Considering the scatter and the somewhat conflicting results, it is difficult to undoubtedly draw conclusions regarding these data. Bearing in mind that every sisal yarn consisted of around 84 filaments and less than half of them were measured for each treatment, the sampling may not be representative. Nevertheless, shorter treatment times, as in OH5_t15, tends to maintain the original fiber diameter, whereas for longer periods it tends to decrease. The NaBH 4 was found to generally promote fiber swelling.
The hypothesis of Weibull distribution for tensile strength, elastic modulus and strain at break was also checked. The analytical W -test was again used and, in this case, in only 2-4 sets of data did the W values not lie between W 0.05 and W 0.95 values (not shown here). When these data followed a Weibull distribution, the R 2 in the Weibull probability plot showed a high value. To illustrate, the histogram and the Weibull distribution parameters of the tensile strength data for the OH2_BH_t60 fibers are shown in Fig. 2(a) , whereas Fig. 2(b) shows the respective Weibull probability plot. In order to correctly estimate fiber tensile strength, the diameter of the fiber must be known and this fact alone justifies the measurement of each fiber being tested. Even then, the standard deviations are always very high, sometimes higher than 20% of the mean [19, 20] . In this work, the mean and standard deviation of the tensile strength data for each set of fibers can be seen in Table 3 along with the Weibull parameters. The tensile strength of the in natura SF is consistent with the results obtained by Silva et al. [20] , who found 400 ± 126 MPa (testing speed and gauge length of 0.1 mm/min and 40 mm, respectively).
The variations of β, T 50 and the mean for the tensile strength data show that tensile strength decreases with the increase in NaOH concentration. However, due to the high standard deviation of the results (around 25%), a statistical test is necessary to verify if there is a significant decrease. To determine the confidence with which one can infer differences between mean values, an approximate graphical calculation [18] was carried out taking into account sampling size and slope of the Weibull distribution. From the results obtained, it can be said, with more than 90% confidence, that only the OH5_t60_T40 and OH10_t60 treatments significantly decrease tensile strength in comparison with the in natura SF. Interestingly, when compared to the OH10_BH_t60 treatment, the confidence decreases to 89%, i.e., the use of NaBH 4 turns the sample similar to the in natura fiber in terms of strength. Table 4 shows the mean and standard deviation of the elastic modulus data for each set of fibers along with the respective Weibull parameters. The in natura SF modulus was somewhat similar to that reported by Silva et al. [20] , who found a value of 19 ± 7 GPa. The elastic modulus mostly decreased with stricter NaOH treatments and a recovery in modulus was obtained when using NaBH 4 . The opposite behavior showed by the treatment with 10% NaOH suggests greater aggregation of fibrils during the chemical treatment, with less interaction with the solution [12] .
The dependence of the mechanical properties (tensile strength and elastic modulus) with the average diameter of the in natura SF was also studied. Tensile strength and elastic modulus appeared to increase when the average diameter decreased. In addition, modulus tended to be higher for stronger fibers. Obs.: Up to about 0.5 N (pre-load), the fibers displayed around 1.7% strain.
The results of mean and standard deviation of the strain at break data for each set of fibers along with the respective Weibull parameters are presented in Table 5 . A significant reduction in strain at break was found only for the fiber treated with 10% NaOH and again the use of NaBH 4 yielded a recovery in this property.
Effect of Treatment on Adhesion
The results of the pull-out tests are shown in Fig. 3 for all treatments carried out for 60 min. The in natura, H 2 O_t60, OH5_t60_T40, OH10_t60 and OH10_BH_t60 fibers showed the poorest adhesion with polyester. The adhesion of the in natura fibers was consistent with the results obtained by Towo et al. [19] , who reported 5.4 ± 1.2 MPa.
The best adhesion performance was found for the OH5_BH_t60 and OH5_BH_ t60_T40 treatments (7.5-7.7 MPa), both with NaBH 4 . It is interesting to stress that the recovery in adhesion brought about by the NaBH 4 action in the OH5_t60_T40 treatment was remarkable, whereas the OH10_BH_t60 treatment was again responsible for very poor results, even in the presence of the NaBH 4 (6.0 and 5.1 MPa, respectively). Thus, considering adhesion performance, the NaBH 4 action is more significant under lower NaOH concentrations, at room temperature or higher.
Regarding critical length, this parameter simulates an actual load transfer situation, from the matrix to the fiber, in a composite material, and is influenced by a combination of diameter and tensile strength of the fiber and fiber/matrix adhesion. The critical length decreased from around 5.6-6.1 mm for the in natura and H 2 O treated fibers to around 3.8-4.9 mm for the 2 and 5% NaOH treated fibers (Fig. 4) . The OH5_BH_t60 and OH5_t60 fibers showed the lowest values perhaps suggesting that these would be the most suitable chemical treatment. Just to il- lustrate, critical length was reported as 11.3 and 10.2 mm for sisal/starch based polymer [21] and curaua/polyester pairs [16] , respectively.
Conclusions
The diameter measurements showed great scatter, so a meaningful estimate of fiber tensile strength requires the determination of the diameters of the particular fiber being tested. The tensile strength data (β, T 50 and the mean) showed a decrease with increasing NaOH concentration in the chemical treatment, and the addition of NaBH 4 during treatment resulted in strength recovery. The same was noticed for the fiber elastic modulus and the strain at break, although this was not noticed for the 10% NaOH treatment, for which the modulus decreased: this was attributed to a greater aggregation of fibrils during the chemical treatment, with less interaction with the solution, which affected the effectiveness of the BH 4 − ion. Fiber strength, fiber adhesion to polyester and critical length calculations suggest that the 5% NaOH treatment with NaBH 4 for 60 min at room temperature yielded the best combination of properties and should be favored when manufacturing sisal/polyester composites. In all, the combination of results indicates that the NaBH 4 is effective in minimizing degradation of the sisal fiber, validating its use as a protective agent for vegetable fibers during alkaline chemical treatment. This result may be extended to other vegetable fibers of similar composition and may help promoting their general use in polymer composites.
